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Abstract 


More than 200 Chinese medicinal herb extracts were screened for antiviral activities against Severe Acute Respiratory Syndrome- 
associated coronavirus (SARS-CoV) using 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium in- 
ner salt (MTS) assay for virus-induced cytopathic effect (CPE). Four of these extracts showed moderate to potent antiviral activities against 
SARS-CoV with 50% effective concentration (ECs9) ranging from 2.4 + 0.2 to 88.2 + 7.7 g/ml. Out of the four, Lycoris radiata was most 
potent. To identify the active component, L. radiata extract was subjected to further fractionation, purification, and CPE/MTS assays. This 
process led to the identification of a single substance lycorine as an anti-SARS-CoV component with an ECs value of 15.7 + 1.2nM. This 
compound has a CCsp value of 14980.0 + 912.0 nM in cytotoxicity assay and a selective index (SI) greater than 900. The results suggested 
that four herbal extracts and the compound lycorine are candidates for the development of new anti-SARS-CoV drugs in the treatment of 


SARS. 
© 2005 Elsevier B.V. All rights reserved. 


Keywords: Severe Acute Respiratory Syndrome coronavirus (SARS-CoV); Drug screening; Natural products; Lycorine; Lycoris radiata herb 


Severe Acute Respiratory Syndrome (SARS) is a res- 
piratory illness caused by the Severe Acute Respiratory 
Syndrome coronavirus (SARS-CoV) (Drosten et al., 2003; 
Ksiazek et al., 2003; Peiris et al., 2003b; Poutanen et al., 
2003). This febrile respiratory illness was initially described 
in early 2003 (Chan-Yeung and Yu, 2003; Donnelly et al., 
2003; Lee et al., 2003; Peiris et al., 2003a; Tsang et al., 
2003) and is life threatening and highly contagious. Cur- 
rently, there are no approved or universally recommended 
therapies for SARS. Treatment for the disease is mainly 
supportive. Scientists worldwide have been vigorously try- 


* Corresponding author. Tel.: +86 10 80481755; fax: +86 10 80498676. 
E-mail address: tanxh@ genomics.org.cn (X. Tan). 
' These authors contributed equally to this work. 


0166-3542/$ — see front matter © 2005 Elsevier B.V. All rights reserved. 
doi: 10.1016/j.antiviral.2005.02.007 


ing to develop efficacious antiviral agents for the treatment 
of SARS in the event that SARS comes back in the fu- 
ture. Reports from several groups (Cinatl et al., 2003a,b; 
Scagnolari et al., 2004) have suggested that some reagents, 
such as interferon and glycyrrhizin, pose anti-SARS-CoV 
activity. 

In China, traditional herbal medicine has been frequently 
used in conjunction with conventional medicine to treat 
SARS. There is evidence showing that the herbal medicine 
is effective (Lin et al., 2003; Xiao et al., 2003; Zhao et al., 
2003; Zhong and Zeng, 2003). However, the mechanisms of 
this treatment have not been clearly understood. It has been 
shown that natural plants contain antiviral activities to other 
coronaviruses (McCutcheon et al., 1995) and the mechanism 
of action of these herbal products is mainly through inhibition 
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of viral replication (Vlietinck and Vanden Berghe, 1991; 
Jassim and Naji, 2003). 

In this study, we selected over 200 in-house-made ex- 
tracts of medicinal herbs that have been historically used for 
the treatment of virus-induced infectious diseases in China 
and tested their antiviral activities against SARS-CoV using 
a high throughput screening approach. The screening was 
based on a MTS assay (Cory et al., 1991; Khabar et al., 1996). 
The active samples from screening were then subjected to 
structure activity relationship (SAR) study to identify a sin- 
gle active chemical substance. The results of these studies 
and the potential usage of identified lead compounds in the 
treatment of SARS-CoV-induced infectious diseases are pre- 
sented here. 

In searching for new reagents for anti-SARS-CoV, col- 
lected herbs were extracted by refluxing with 95% ethanol 
or chloroform for 3h. The extracted solvents were filtered 
and lyophilized and then re-dissolved in dimethy] sulphox- 
ide (DMSO) (Sigma) and stored in 96-well sample plates at 
—80 °C for assays and screening. Two strains of SARS-CoV 
(BJO01, BJO06) used for antiviral compound screening were 
obtained from the Laboratory of Virology at the Academy 
of Military Medical Sciences in Beijing, China. The viruses 
were propagated in Vero E6 cells at 37°C in a humidified 
atmosphere of 5% CO2. Vero E6 and HepG? cells were cul- 
tured in Dulbecco’s Modified Eagle Medium (DMEM) (In- 
vitrogen) containing 5% heat-inactivated fetal bovine serum 
(FBS) (Hyclone) and sodium bicarbonate, 3.7 g/l; glucose, 
4.5 g/l; and 15 mM HEPES buffer. The virus-induced cyto- 
pathic effect (CPE) was determined by MTS method and 
by visualization of cellular morphology change. The num- 
ber of viable cells is correlated with absorbance at 490 nm in 
MTS assay. Approximately, 4 x 10° Vero E6 cells/well were 
seeded onto Corning 96-well tissue culture plates (Corning 
Incorporated) with final volume of 100 wl and cultured for 
24h. Ten microliters of compounds or plant extracts at a con- 
centration of 100 g/ml were added into each well in dupli- 
cates before inoculating with virus stock. Interferon alpha 
(Hualida Biotech Company), proven to show antiviral activ- 
ities against SARS-CoV (Cinatl et al., 2003b; Scagnolari et 
al., 2004), was used as the positive control. The viral titers 
were assessed by cytopathic effect (CPE) determined visu- 
ally under the light-phase microscope 2-4 days post-infection 
(PI). The concentration to achieve 90% of cell lysis was used 
in antiviral compound screening. The infected cells with or 
without compound were incubated at 37°C in a 5% CO2 
atmosphere for 72 h. Then, 20 wl of MTS/phenazine metho- 
sulfate (PMS) (Promega) was added in each well. The cells 
were incubated for another 2h in 37°C. In the end, 50 pl 
10% SDS was added to stop color reaction. The plates were 
measured at 490 nm using a VERSAMax microplate reader 
(Molecular Devices). 

After primary screening, active compounds were cherry 
picked and a second round of test was performed for their 
antiviral effects. The pictures were taken to record cell mor- 
phology change caused by CPE and the inhibition effects of 


the compounds before MTS assay. As shown in Fig. 1, four 
of the extracts, Lycoris radiata, Artemisia annua, Pyrrosia 
lingua, and Lindera aggregata exhibited significant inhibi- 
tion effects on virus-induced CPE when SARS-CoV strain 
BJOO1 was used in screening. A dose dependency of an- 
tiviral activities was determined by serial dilutions of com- 
pounds. The percentage of CPE reduction was calculated 
by subtracting the mean value of virus-infected cell control 
(0%) from the measured absorbance, and resulting number 
was divided by the measured absorbance of uninfected cell 
control (100%). The mean values and the standard deviation 
(S.D.) were taken for result analysis. The inhibition effects 
of all four natural product samples showed dose-dependent 
patterns (Fig. 1). The ECs values were determined as the 
concentration of the compounds needed to achieve the inhi- 
bition of SARS-CoV-induced CPE to 50% of control value 
(cells without viral infection) and data analysis for the assays 
was performed using Prism™ version 3 software (Graphpad 
Software, Inc.). The ECso values of inhibition are 2.4 + 0.2, 
34.5 +2.6, 43.2 + 14.1, and 88.2 + 7.7 g/ml, respectively, 
much lower than previously identified compounds (Cinatl et 
al., 2003a). To check whether there is any significant strain 
variation, we used SARS-CoV strain BJ-006 and tested the in- 
hibition activity of active compounds. The results were quite 
similar for two viral strains (Table 1). Viability of Vero cells 
measured by MTS assay was consistent with what we ob- 
served visually under the microscope (photos not shown). 
The addition of active compounds significantly blocked vi- 
ral infection or replication and kept cells in a viable state. 
Interferon alpha also showed limited inhibition effects on 
virus-induced CPE, either judged by visual observation or 
MTS assay. The results were consistent with previous reports 
from Cinatl and Scagnolari’s groups. The inhibition for all 
four compounds to virus infection/replication was apparently 
more potent than that of interferon alpha judged by visual ob- 
servation and color absorbance in MTS assay (Fig. 1). 

The cytotoxicity test for active compounds was based on 
the cell viability after cells were treated with various concen- 
trations of compounds, and was determined by MTS method. 
Vero E6 and HepG2 cells in 96-well microplates incubated 
with serial 10-fold dilutions of testing compounds in DMEM 
containing 5% FBS. Cells were allowed to grow for an ad- 
ditional 72 h before the measurement. The CCs9 values were 
determined as the concentration of the compounds that reduc- 
ing the cell viability to 50% of control (cells without addition 
of compound). For the four active compounds, L. radiata, A. 
annua, P. lingua, and L. aggregata, the CCs9 values range 
from 886.6 + 35.0 up to 2378.0 + 87.3 g/ml in assays us- 
ing Vero cells (Table 1). The selective index (SI), which was 
determined as the ratio of CC59 versus EC50 for one of the po- 
tent active compound extracts, L. radiata, is more than 300. 
Three others also showed good SI values, with the exception 
of L. aggregata. In order to examine compound toxicity to 
different cell types, we tested all four extracts on both Vero 
E6 and human HepG2 cell lines. The CC59 values of L. radi- 
ata, A. annua, P. lingua, and L. aggregata were 690.5 + 21.0, 
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Cell control 


SARS-CoV control 
After infection 72 h 


Lycoris radiata Herb. 
(ethanolic extract) 
ECso: 2.4+0.2 ug/ml 
CCso: 886.6435.0 ug/ml 


Artemisia annua L. 
(ethanolic extract) 

ECso: 34.542.6 ug/ml 
CCso: 1035.0+92.8 ug/ml 


Pyrrosia lingua Farwall. 
(chloroform extract) 
ECso: 43.2£14.1 ug/ml 
CC5p,2378.0+87.3 ug/ml 


Lindera 
aggregata(sims)Kosterm. 
(ethanolic extract) 

ECso: 88.2£7.7 ng/ml 
CCs0:1374.0439.0 ug/ml 


Interferon alpha 
ECs: 660.34119.1 [U/ml 
CCs: >10,000+7 10.1 TUAnl 
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Fig. 1. Effects of herb compound extracts on replication of SARS-CoV. The Vero E6 cell seeding, virus infection, compound addition, cell incubation, and 
measurement were described in the method. The percentage of CPE reduction was calculated by subtracting the mean of virus-infected cell control (0%) from 
the measured absorbance. The resulting number was divided by the uninfected cell control (100%). The mean values and the standard deviation (S.D.) are 
shown in the figures. Data presented are the average of duplicate values from three independent experiments. Magnification for visual observation: 200x. 
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Table 1 
Effects of plant extracts on SARS-CoV 
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Plant extract Family Part used Solvent CCs0* Viral strain 

BJ-001 BJ-006 

ECs? si ECs sI¢ 
Lycoris radiata Amaryllis Stem cortex Ethanol 886.6 (435.0) 2.4 (+0.2) 370 2.1 (40.2) 422 
Artemisia annua Compositae Whole plant Ethanol 1053.0 (+ 92.8) 34.5 (£2.6) 31 39.2 (+4.1) 27 
Pyrrosia lingua Polypodiaceae _— Leaf Chloroform 2378.0 (+ 87.3) 43.2 (+14.1) 55 40.5 (43.7) 59 
Lindera aggregate Lauraceae Root Ethanol 1374.0 (+ 39.0) 88.2 (47.7) 16 80.6 (5.2) 17 
Interferon alpha >100,000 (+ 710.1) 660.3 (4119.1) >151 587.2 (439.0) >170 


* Determined as the concentration of the compounds that reduced the cell viability to 50% of control (cells without addition of compound). Each represents 
the mean value from three independent experiments. The unit for CCs59 values shown in the table is g/ml except interferon alpha, which is [U/ml. 
> Determined as the concentration of the compounds needed to inhibit CPE to 50% of control value (cells without viral infection). Each represents the mean 


value from three independent experiments. The unit for ECs values shown in the table is g/ml except interferon alpha, which is IU/ml. 


© Selectivity index (CC59/ECs0). 


1022.9 + 55.1, 2127.3 + 178.9, and 1159.0 + 93.3 g/ml, re- 
spectively. The data obtained from these two cell lines were 
very similar (Table 1). The results suggested that there is no 
significant difference in compound toxicity against these two 
types of cell lines. 

The results described above were based on the assays and 
screening of herb extracts, which are mixtures of many com- 
pounds. It would be quite interesting to identify effective 
component(s) with antiviral activities. One of the active sam- 
ples which showed better inhibition effect in anti-SARS-CoV 
screening, L. radiata extract, was chosen for further identifi- 
cation of the active component in it. We first isolated the total 
alkaloid from L. radiata according to previous reports (Hong 
and Ma, 1964). We then examined its antiviral activity. This 
was based on previous findings that the majority of bioac- 
tive components of L. radiata were from its alkaloid fraction 
(Takagi et al., 1968; Miyasaka and Hiramatsu, 1980; Cortese 
et al., 1983). From CPE/MTS assays, the isolated alkaloid 
showed potent inhibitory activity against SARS-CoV infec- 
tion (Table 2). Further separation of the total alkaloid com- 
pounds by RP-HPLC (MeOH-H20, 5—95% gradient) using a 
Shimadzu 10A-VP HPLC system (Shimadzu Co.) generated 
four fractionated samples, A, B, C, and D. The four fractions 
were collected and re-examined for their anti-SARS-CoV ac- 
tivity. The results from this round of testing indicated that 
fraction B had significant inhibitory activity against SARS- 
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Fig. 2. Effect of fraction A, B, C, and D of L. radiata on inhibition of CPE 
caused by SARS-CoV in Vero E6 cells. OD value was measured in a CPE 
assay as described under experimental procedures. The percentage of CPE 
reduction was calculated by subtracting the mean of infected cell control 
(0%) from the measured absorbance. The resulting number was divided 
by the uninfected cell control (100%). The mean values and the standard 
deviation (S.D.) are shown in the figures. Data presented are the average of 
duplicate values from three independent experiments. 


CoV while others had none (Fig. 2). Visual observation also 
showed that the CPE induced by virus infection on Vero E6 
cells was blocked by addition of either alkaloid sample or 
fractioned sample B (data not shown). The results suggested 
that fraction B contained a substance with activity against 
SARS-CoV, which might be what we were searching for. To 


Table 2 

Effects of components isolated from L. radiata on SARS-CoV (BJ-001) 

Samples ECs5o° CCso? sic 
Total alkaloid from Lycoris radiata 1.0 (+0.1) 93.9 (47.4) 94 
Commercial lycorine 48.8 (+3.6) 43210.0 (+2101.0) 885 
Isolated lycorine from Lycoris radiata 15.7 (41.2) 14980.0 (4912.0) 954 


* Determined as the concentration of the compounds needed to inhibit CPE to 50% of control value (cells without viral infection). Each value represents the 
mean + S.D. from three independent experiments. The unit for ECso values shown in the table is j.g/ml for total alkaloid from L. radiata, and is nM for both 


forms of lycorine. 


> Determined as the concentration of the compounds that reducing the cell viability to 50% of control (cells without addition of compound). Each value 
represents the mean + S.D. from three independent experiments. The unit for CCso values shown in the table is g/ml for total alkaloid from L. radiata, and is 


nM for both forms of lycorine. 
© Selectivity index (CC59/ECs0). 
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Fig. 3. Chemical structure of lycorine. 


identify an active antiviral substance from the fraction B of the 
alkaloid sample isolated from L. radiata, a LC-MS/MS on a 
Thermo Finnigan LCQ DECA XP was applied for compound 
analysis. The mass analysis results revealed one major peak 
with m/z 287, which suggested only a dominant single com- 
pound in the fraction. Further analysis found that the mass 
of this substance matched the mass of lycorine [C16H17NOa] 
(Fig. 3) (Alietal., 1981). A chromatogram of lycorine showed 
the same elution profile on RP-HPLC as that of the main peak 
of fraction B (data not shown). We then tested commercially 
available lycorine (NICBP, Beijing) in CPE/MTS assay to 
check inhibition effect on the CPE induced by the virus. The 
results (Table 2) showed that commercial lycorine and iso- 
lated lycorine possessed similar antiviral activities against 
SARS-CoV. The ECs values for commercial and isolated 
lycorine are 48.8 + 3.6 and 15.7 + 1.2nM, respectively. The 
cytotoxicity assays also generated results indicating the sim- 
ilarity. The SI values for the two compounds are around 900. 
All these demonstrated that lycorine was the effective compo- 
nent in L. radiata to inhibit the CPE induced by SARS-CoV. 

Some previous research has provided good evidence that 
natural herbs are good sources for antiviral compounds. Gly- 
cyrrhizin, an active component of licorice roots, has been 
reported to show antiviral activity against SARS-CoV in 
vitro (Cinatl et al., 2003a), but the ECso for the inhibition 
of viral infection is very high (300 wg/ml). Plant extracts of 
eucalyptus, Lonicera japonica, and Ginsenoside-Rb1, one 
of the pharmacologically active components of Panax gin- 
seng, were also recently reported to show activity against the 
SARS-CoV at the concentration of 100 ~M (Wuet al., 2004). 
In our experiments, we screened hundreds of natural prod- 
ucts and found that four extracts of Chinese herbs used in 
traditional Chinese medicine exhibited anti-SARS-CoV ac- 
tivity in Vero cell-based assays. The ECs9 values range from 
2.4+0.2 to 88.2 + 7.7 g/ml, which is much better than the 
value reported for Glycyrrhizin. Among the four of them, 
L. radiata shows the best potency (ECs59: 2.4 + 0.2 ug/ml) 
and has great SI value (>300). The results suggest that these 
herbs or herb extracts, especially from L. radiata, might be 
good candidates for antiviral medicine. Furthermore, the RP- 
HPLC purification of L. radiata extract and LC-MS analysis 
of samples, in combination with CPE/MTS assays, led to 
the identification of lycorine as a potent antiviral compound 
against SARS-CoV. The ECs value (15.7 + 1.2 nM) from vi- 


ral inhibition assay was lower that of original crude extract, 
which was expected for a single active component. Several 
previous reports have demonstrated that lycorine inhibits the 
Poliomyelitis virus and the Herpes Simplex virus (type D 
(leven et al., 1982; Renard-Nozaki et al., 1989). Our study 
provides new evidence that this compound also has antiviral 
activity against SARS-CoV. Altogether, lycorine seems to 
be a compound with broad antiviral activities. Lycorine in- 
hibits SARS-CoV in CPE inhibition assays at a concentration 
well below that of Glycyrrhizin. The CCso of lycorine in the 
Vero E6 and HepG2 cell lines tested are 14980.0 + 912.0 and 
18810.0 + 1322.0nM, respectively. The SI value is higher 
than 900. All these results suggest that lycorine has proper- 
ties that meet the needs to be an antiviral drugs. However, the 
mechanism of antiviral activity of these active compounds 
is not clear. In the future, it could be worthwhile to investi- 
gate how these compounds, especially lycorine, interact with 
expressed viral proteins and antigens. It is also valuable to 
further evaluate these compounds with other antiviral assays, 
such as virus yield reduction and/or real time PCR for viral 
RNA replication. 

In conclusion, the compounds extracted from A. annua, L. 
radiata, P. lingua, and L. aggregata have been identified to 
show antiviral activity against SARS-CoV in Vero cell-based 
CPE/MTS screening. Further structure and activity study has 
determined that lycorine is an active component in the alka- 
loid portion of the herbal plant L. radiata. The results from our 
study provide strong support for the usage of these herbs to 
treat SARS-CoV infectious diseases. Our results also demon- 
strated that lycorine is a good candidate for the development 
of new antiviral medicine. 
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